In this paper, we propose TB-MAC (Threshold-Based MAC), which has been designed to consider various network traffic conditions while providing energy efficiency in a wireless sensor networks. Existing MAC protocols for sensor networks attempt to solve the energy consumption problem caused by idle listening using an active/sleep duty cycle. Since there are various traffic conditions, however, they may not always provide improvements in energy consumption. Hence, we propose a MAC protocol algorithm that stores data in a buffer and transmits data when the buffer exceeds a threshold value so that energy efficiency is always guaranteed for any network traffic condition. The analytical results show that our proposed algorithm enables significant improvements in energy consumption compared to the existing MAC protocols for sensor networks. key words: sensor networks, MAC protocol, energy-efficiency, buffer threshold 
Introduction
Energy efficiency is a critical issue in the communication mechanism of a wireless sensor networks. In this respect, the primary design goal of a MAC protocol on the wireless sensor networks is to minimize the power consumption of sensor nodes so as to maximize the lifespan of the network [1] - [3] . Among the causes of energy wastage, idle listening most adversely affects energy efficiency. Simulation results from Stemm and Katz [4] and the Digital Wireless LAN Module (IEEE802.11) specification [5] show the energy consumption ratio between idle mode, receive mode and send mode as 1 : 1.05 : 1.4 and 1 : 2 : 2.5, respectively. In recent research efforts, a duty cycle is used in the sensor nodes to reduce the unnecessary power consumption caused by idle listening. As representative works, S-MAC (Sensor-Medium Access Control) [1] and T-MAC (TimeoutMedium Access Control) [2] protocols have been proposed to improve energy efficiency in a wireless sensor networks. S-MAC (Sensor-Medium Access Control) is a contentionbased MAC protocol that uses fixed duty cycles. This causes energy waste if there is too little data to send, and not all packets are transmitted if there is too much data to send. To improve energy efficiency, T-MAC (Timeout-Medium Access Control) uses a timer to switch to sleep mode after a certain period of time after detecting that there is no data to send or receive. However, despite the improved duty cycle, data transmission with energy efficiency is hard to achieve, since various traffic conditions could not be considered, including Error, Delay and Goodput as defined in [6] . Additionally, F-RTS (Future-RTS), which is proposed to resolve the early sleeping problem in T-MAC, is difficult to apply to multi-hop communications, since the number of maximum hops is limited to 3. To resolve these problems, we propose TB-MAC using a threshold algorithm that sufficiently considers the various network traffic conditions. B-RTS (Booking-RTS), which is used to reserve multi-hop data transfer within the same frame, is also introduced. The rest of this paper is organized as follows. The details of the proposed protocol are outlined in Sect. 2, the analytical results are addressed in Sect. 3 and, finally, our conclusions are given in Sect. 4.
TB-MAC Protocol
It is assumed that TB-MAC protocol is operated in the total number of hops over 3 from the source node to the sink node, in order to maximize its performance. Besides, the data packet loss during communication is not taken into account.
Threshold-Based Algorithm
The main idea of TB-MAC is to transfer the data if the buffer value exceeds the specified threshold value. Otherwise, the timer is set to a smaller value than in T-MAC. Since the protocol switches to sleep mode when the node does not transmit the RTS control packet or data during timer operation, it improves energy efficiency compared with existing MAC protocols. Figure 1 shows the operation algorithm of TB-MAC protocol. q l is the accumulated data in each frame, q t is the total buffer size of the sensor node, α is the threshold weight value where 0 < α ≤ θ, η is a function related to the number of hops, and q th is the buffer threshold value, which are expressed as below.
θ is the margin applied to prevent the buffer overflow that might occur at the receiving node due to the received data, and the data to send are continuously accumulated because of the multi-hop data transmission. The θ value for multihop transmissions to the node n always should be;
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R data is the received data and T data is the data to send. η is defined as the reciprocal of N hops , which is the number of hops from the source node to the sink node, η = 1 N hops .
Hence, if the η value is small, the q th value also becomes smaller, which leads to fast data transmission to the sink node. The opposite thing occurs if the η value is big.
Determining the Threshold Value
S. Tilak et al. [6] analyzed the correlations between the sensor reporting period and the various performance metrics that determine the sensor network performance, which include goodput, delay, error, and so forth. This reporting period value is applied to our TB-MAC threshold value so that TB-MAC can transfer the data efficiently in the various network traffic conditions. Equation (3) presents the threshold weight value α. F o (t) is the optimal reporting period in unit time t, which is the frame time representing the duration of a complete cycle of listen and sleep. This value is determined by the shortest reporting period that can supersede the reporting period of all metrics; for example, if the performance metrics for the specific application are considered with goodput, delay, and energy depletion, where the nodes are deployed in a 15 × 15 grid. In [6] , we find that the optimal reporting period values are more than 1, 0.5, and 2 times respectively when t = 1. In this case, the optimal reporting period value is 0.5. Let the size of the data packet in unit time t be d size (t), where ϕ is the minimum size of the data packet that must be transmitted for unit time t. Thus, ϕ is the minimal value of d size (t), ϕ = min(d size (t)).
The initial value of α is equally set to all nodes. The node that received the α value calculates η by the number of hops from itself to the sink node, and figures out the q th value as described in the Eq. (1), and then sets the result in its own buffer. If the α value needs to be changed, a new threshold value is inserted into the SYNC packet, which is defined in the T-MAC for node synchronization and then distributed to all nodes.
Operation of TB-MAC and Determining Time Out
As shown in Fig. 2 , the sensor nodes check the value of the accumulated data in their buffers and transfer that data only if the condition q l ≥ q th is met. To reduce unnecessary idle listening time after data transmission, T-MAC uses the timer defined in (4) to switch to sleep mode and conserve energy when there is no data to be received.
C is the contention interval, R is the RTS packet length and T is the very short time interval between RTS and CTS that is identical to SIFS (Short Inter Frame Space) in 802.11 MAC. The time it takes for TB-MAC to detect the RTS packet from the neighboring nodes is determined as in (5) .
R is the RTS packet length, C is the CTS packet length, n is the number of hops. For multi-hop data transmission, T TB = R + (n − 1)C is applied and, in the case of the 1st and 2nd hop, T TB = R is applied. In TB-MAC, timer operates after the contention period. Since it is shorter than the timer of T-MAC protocol, TB-MAC can reduce the waste of energy resulting from idle listening. Figure 3 shows the concept of timer operation.
Advanced Asymmetric Communication B-RTS is the control signal that improves F-RTS in T-
MAC to reserve multi-hop data transfer within the same frame. This significantly improves the data transmission delay along with energy efficiency. As shown in Fig. 3 , the basic concept is that if a node overhears a CTS packet destined for another node, it may immediately send B-RTS packet to the neighboring node. When a neighboring node receives B-RTS, it sequentially sends B-RTS to another neighboring node in the same frame. A node that receives the B-RTS packet knows it can wake up in time since it knows when the data will be received because the control signal contains the CTS information. As a result, the node saves power by switching to the sleep mode until it is woken up. The algorithm for finding the optimized route for data transmission between the nodes is not covered in this paper, since it belongs to the network layer.
Performance Analysis
We have used the MATLAB simulation tool to mathematically analyze with parameters in Table 1 and show the results for the active time and energy efficiency, both of which are key factors in designing sensor network protocols.
Active Time
In a wireless sensor networks, energy is consumed during the active period. Thus, we compare the active time between S-MAC, T-MAC and TB-MAC protocols in order to ascertain the relative energy efficiency of these protocols. An equal number of frames is transmitted, and i represents the number of frames transmitted. First, the total active time in S-MAC protocol is
T-MAC protocol is classified into two states. The probability that there is no data to be transmitted is p
and the probability that there is data to be transmitted is q
The total active time in T-MAC protocol is therefore (where 
TB-MAC protocol is classified into three states. If 0 ≤ q l < q th and the probability that the RTS packet is not received is ρ, then
If the probability that q l ≥ q th is τ, then
If the RTS packet is received and data are received, and the probability that data are transmitted to a neighbor node or not is 1 − ρ − τ, then
The total active time in TB-MAC protocol is Figure 4 shows the accumulated active times of each protocol when equal numbers of frames are transmitted. The longest active time to transfer is required in S-MAC protocol as the active time is set to a fixed value by the duty cycle. TB-MAC protocol can complete transfer in a shorter active time, about 17% less than for T-MAC.
Energy Consumption
To analyze the energy consumption we have referred to EYES nodes [2] for data transmission and reception. In S-MAC protocol, data can be transmitted until n-hops for a fixed active period. The energy consumption for nth-hop transmission is
The energy consumption for n-hops is
In T-MAC protocol, data can be transmitted until 3-hops for a fixed active period. Energy consumption for n-hops transmission is
(where i = 1, 4, 7, 10, · · · j = 2, 5, 8, 11, · · · k = 3, 6, 9, 12, · · ·) In TB-MAC protocol, data can be transmitted until nhops for a fixed active period. In the case of 1-hop transmission in each frame, where the data is transmitted only when the buffer is equal or greater than the threshold value, three cases of probability exist. If 0 ≤ q l < q th and the probability that the node does not receive RTS packet from neighboring nodes is ρ, then
If the probability that q l ≥ q th is τ, then the energy consumption is
And if 0 ≤ q l < q th , and the probability of the rest case is 1 − ρ − τ, then
Therefore, the energy consumed for 1-hop transmission in TB-MAC protocol is
The energy consumed for n-hops transmission in TB-MAC protocol is + n[(1 − ρ)(E s + E r )(t c + t R )] + n(1 − ρ−τ)(t r E r + t R E s ) + nτ(t T E s + t R E r ) (21) Figure 5 (a) and 5 (b) show energy consumption in various traffic conditions. TB-MAC protocol yields the best efficiency in any traffic volume. Furthermore, Fig. 6 (a) and 6 (b) show that the lifespan of the sensor nodes in TB-MAC protocol is the longest of the three protocols.
Conclusion
In this paper, we have proposed an algorithm that uses a threshold value in the buffers of sensor nodes to improve energy efficiency in the sensor networks. The analytical results show that the proposed TB-MAC protocol best improves energy efficiency when compared with existing MAC protocols. We are planning to apply the proposed algorithm to a practical environment by integrating our algorithm and simple sensor nodes. Based on this work, we will attempt to determine which θ and η values are appropriate for the practical environment.
